As ystematic studyo nt he reactivity of the triple-decker complex [(Cp'''Co) 2 (m,h 4
The transformation of the P 4 tetrahedrono fw hite phosphorus in the coordination sphere of transition-metal complexesy ielding functionalizedp hosphorus compounds is aw idely investigated field of research. Most reactions proceed by thermolysis of carbonyl complexes such as [(Cp R M(CO) n ) 2 ]( e.g. M = Cr, [1] Mo, [2, 3] W, [4] Fe, [5, 6] Co, [7] Ni, [8] Cp = cyclopentadienyl) or photolysis of [Cp R M(CO) 4 ]( e.g. M = V, [9] Nb, [10, 11] Ta [11] )w ith P 4 under harsh reactionc onditions, yieldingt he thermodynamically most stable products. In contrast,o rganometallicc ompounds bearing labile ligandsc an be used to perform reactions with white phosphorus under much milder conditions, even at very low temperatures. Here, in general,k inetic productso rm etastablec ompounds can be obtained. As an example, the [(nacnac)M(L)] (nacnac = b-diketiminate) complexes( M = Cu, L = MeCN, [12] M = Fe, L = toluene, [13] M = Co, L = toluene, [14] cf. Figure1)h ave been used in the reactionw ith P 4 yielding a plethorao fk inetic products. Anothert ype of complex used in the activation of P 4 is the reactive cobalt toluene triple-decker complex [(Cp'''Co) 2 (m,h 4 :h 4 -C 7 H 8 )] (A)( Cp''' = h 5 -C 5 H 2 tBu 3 ), which dissociates in solutioni ntoa{ Cp'''Co(C 7 H 8 )} and {Cp'''Co} fragment. [15] Its reactivity towardsw hite phosphorus strongly dependso nt he reactionc onditions. Thus, at room temperature, the cleavage of the P 4 tetrahedron into two P 2 units to form [(Cp'''Co) 2 (m,h 2 :h 2 -P 2 ) 2 ]( D)o r, at low temperatures, the metalcontrolled aggregation of P 4 molecules occur to form large neutralp olyphosphorus cages with, for example, aP 12 ,P 16 ,a nd P 24 ligand, respectively. [16] All reactions of the mentioned carbonylo rn acnac complexes with P 4 lead to eithers andwich complexes with aP n ligand as an end deck (e.g. [Cp*Fe(h 5 -P 5 )] [5] )( Cp* = 1,2,3,4,5-pentamethylcyclopentadienyl) or a middle deck in homometallic triple-deckerc omplexes (e.g.
[(Cp*Mo) 2 (m,h 6 :h 6 -P 6 )] [3] ). But no heterobimetallic compounds can be obtained that way.M oreover, there are only very few examples known that are accessible from reactions of [Cp*M(h 5 -P 5 )] (M = Fe, Ru) with cationic fragments [17] or carbonyl compounds. [18] Mosto ft hem are based on rare or expensive metals such as tantalum, rhodium, or iridiuma nd are synthesized in only moderate yields, partially underh arsh conditions ( Figure 1 ). On the other hand, substituted derivatives of heterobimetallic triple-deckerc omplexes can be obtained from the electrophilicq uenching of pentaphosphaferrocene ([Cp*Fe(h 4 -P 5 R)] À )f unctionalized by main-group nucleophiles, resultingine .g. [(Cp*Fe)(Cp'''Co)(m,h 4 :h 3 -P 5 NMe 2 )] [19] (Figure 1 ). This is an open access article under the terms of Creative Commons Attribution NonCommercial-NoDerivs License, which permits use and distribution in any medium, provided the originalw ork is properly cited, the use is non-commercial and no modifications or adaptations are made.
The question arises as to how heterobimetallic triple-decker complexes can be synthesized easier and in high yields under mild conditions including cheap and abundant metals. Therefore we investigated the reactiono f[ (Cp'''Co) 2 The crystal structure of 1 reveals ad inuclear complex bearing a cyclo-P 5 ligand in an envelope conformation,c oordinating in h 4 fashion to the Cp'''Co fragment and h 5 fashion to the Cp*Fe fragment (Figure2). Both Cp R Mf ragments are twisted by approximately 168 to each othera nd P1 is bent out of the plane by approx. 34.78.T hree of the PÀPb ond lengths in 1 are almosti dentical to those in B (P1-P2 2.1459(10) ,P 1 ÀP5 2.1498(10) ,P 3-P4 2.1283(10) ), in B average 2.120(2) ), whereas two are elongated (P2ÀP3 2.2441(11) ,P 4 ÀP5 2.2407(10) ), which is confirmed by the WBIso fP 1 ÀP2, P3ÀP4 and P1ÀP5 (0.99, 0.95, 0.99) and P2ÀP3 and P4ÀP5 (0.79, 0.80). Compound 1 shows ad ynamic behavior in solution, which was studied by variable temperature NMR spectroscopy.A tr oom temperature, the 1 HNMR spectrum reveals four sharp singletsc orresponding to one Cp* and one freely rotating Cp''' ligand, whereas the 31 P{ 1 H} NMR spectrum shows one very broad signal at d = À160 ppm (w 1/2 = 16 000 Hz). Upon cooling to À80 8C, the signals in the 1 HNMR spectra remain unchanged, while the broad signal observedi nt he 31 P{ 1 H} NMR spectrum at room temperature splits into three sharp multipletsc entered at d = 288.7, À207.3 and À250.3 ppm, respectively,w ith an integral ratio of 1:2:2d isplaying an AMM'XX's pin system.T he corresponding coupling constantsw ere obtained from the simulation of the 31 P{ 1 H} NMR spectrum at 213 K( cf. SupportingI nformation). The magnitude of the 1 J PP coupling correlates nicely with the PÀPbond lengths observed in the solid-state structure, indicating that this structure is presumably present in solution at 213 K. On the other hand, when warming the sample to 90 8C, the signals in the 1 HNMR spectra do not change, while the broad signal in the 31 P{ 1 H} NMR spectrum sharpens to as inglet at d = À115.3 ppm (w 1/2 = 500 Hz). At this temperature, the dynamic process (Figure 3 ) speeds up and all five Pa toms become equivalent in the NMR. The free activation enthalpy DG°T of this process at the coalescence temperature (T c = 293 K) amounts to 48.2 kJ mol À1 (cf. Supporting Information). [21] All these findings indicate that the dynamic process proceeds at the cyclo-P 5 ligand.C ompound 1 is thermally stable. Refluxing 1 in toluene for one day leads to only minor decomposition. As ad ecomposition product, [Cp*Fe(h 5 -P 5 )] has been identified by 31 P{ 1 H} NMR spectroscopy.
To block the dynamic process in solution at room temperature, 1 was reacted with an excesso f[ W(CO) 5 According to the 31 P{ 1 H} NMR spectrum of the reaction mixture, 2a and 2b are formed in an approximately 1:1r atio. After workup of the reactionm ixture by thin layer chromatography,o nly 2a can be isolated as ap ure product, in addition to some minor amountso f2b.I ti sa ssumed that one {W(CO) 5 } fragment is removed during the chromatography.S ingle crystals of 2a suitable for X-ray diffraction could be obtained from ac oncentrated solution in pentane stored at À30 8C. For 2b, few crystals could be obtained by evaporating the solvent from at oluene solutiono ft he crude reactionm ixture. The structure of 2a in the solid state reveals a cyclo-P 5 ligand in an envelopec onformation,whereas a{W(CO) 5 }fragment is coordinated to the P2 atom ( Figure 4 ). For 2b,a na dditional coordination of a{ W(CO) 5 }f ragment at P5 is observed ( Figure 4 ). The 31 P{ 1 H} NMR spectrum of the reaction mixture at room temperature reveals three sharp multipletsf or 2b and four broad signals for 2a.T hese four broad signals indicate ad ynamic process for 2a in solution.V T 31 P{ 1 H} NMR spectroscopici nvestigations of 2a reveal that the broad signals sharpen into fivem ultiplets displayinga nA MNXY spin system upon cooling down to 193 K(cf. Supporting Information).
The [7] The cyclo-P 4 ligand in C is selectively fragmented into two separated P 2 units upon coordination to another Cp'''Co fragment in D.Compound D was already reported. [7] Stirring ap entane solution of A with [Cp'''Ni(h 3 -P 3 )] (E)a t room temperaturef or few minutes results in the quantitative formation of the dinuclearc omplex [(Cp'''Co)(Cp'''Ni)(m,h 3 :h 3 -
Compound 3 is an orange-brown air-sensitive solid. The crystal structure analysisof3 ( Figure 5 ) reveals adinuclearcomplex bearing an allylic P 3 ligand. Since both metal fragments contain the Cp'''l igand, the attribution of the atom types of the metal was made based on their anisotropic displacementp arameters. Due to the similarity of the bond lengths, am ixed-site occupation cannot be excluded.
The P 3 ligand coordinates to the metals with two short MÀP bondst oP 1/P3 (between 2.1826(5) and 2.1931(5) )a nd one elongated MÀPb ondt oP 2( 2.3457(4)a nd 2.3538(5) ). The Cp'''l igands are tilted by 188 to each other.C ompared to the PÀPb ond lengths in E [8] (average:2 .098(2) ), the P1ÀP2 (2.1895(6) )a nd P2ÀP3 (2.1945 (6) )b ond lengths in 3 are elongated upon coordination to another metal fragment and [22] The WibergB ond Indices forP1-P2 andP2-P3 with values of 0.96 and0.96 underline this description. The P1-P3 distance of 2.7619(6) is consider-ably longert han aP ÀPs ingle bond, but lies below the sum of the van der Waalsr adii of phosphorus (S vdW = 3.80 ). [23] The Wiberg Bond Index of 0.22 indicates aw eak interaction between the two phosphorus atoms P1 and P3. In the 1 Ha nd 31 P{ 1 H} NMR spectra of 3,adynamic process can be observed that is dependento nt he temperature and the solvent used (CD 2 Cl 2 or [D 8 ]toluene)( Figure 6 ). The 31 P{ 1 H} NMR in CD 2 Cl 2 spectrum shows three broad signals centered at d = 377.3, 249.7 and 133.1 ppm with an integral ratio of 0.19:1:0.12. Upon cooling, the relative intensity of the broad signals centered at d = 366.8 and 126.2 ppm increases in comparison to the singlet at d = 237.8 ppm, while they sharpen and split into ad oublet and at riplet with a 1 J PP of 357 Hz. This clearly confirms the presenceo fafixed allylic P 3 ligand (3b)a tl ow temperature( Figure 6 ). The singlet at d = 237.8 ppm can be assigned to the compound 3a bearing a cyclo-P 3 ligand. The ratio of 3a and 3b is dependent on the temperature, but also on the polarity of the solventu sed (cf. Figure 6) .
At low temperatures, compound 3b is predominant (63 %i n toluene and 83 %i nd ichloromethane at 183 Ka ccordingt o the 31 P{ 1 H} NMR spectra,F igure 6). The situation can also be monitored in the VT 1 HNMR spectra (cf. Supporting Information). Warming up as olution of 3 in [D 8 ]toluene to 363 K, in the 31 P{ 1 H} NMR spectrum, the signals for 3b disappearc ompletelyw hile the singlet assigned to 3a broadens. Above 323 K, decomposition is observed and two new sharps inglets at d = 285.8 and À43.7 ppm arise, which can be assigned to a new Ni complex( 5,v ide infra) and D. [7] All these spectroscopic data clearly show that, in solution,t here is an equilibrium between 3a and 3b.T he phosphorus atoms in 3 contain al one pair of electrons, possibly available for coordination( cf. Figure S23, Supporting Information) , which raises the question as to whether the equilibrium between 3a and 3b can be shifted by coordination to a{ W(CO) 5 Reacting 3 with an excess of [W(CO) 5 (thf)] (2.2 equiv) yields [(Cp'''Co)(Cp'''Ni)(m 3 ,h 3 :h 2 :h 1 -P 3 ){W(CO) 5 }] (4)a samajor product (coordination of {W(CO) 5 }a tt he centralPatom (P2)) beside small amountso fI4-B/I4-C (coordination of {W(CO) 5 }a tt he outer Pa tom (P1 or P3). According to the 31 P{ 1 H} NMR spectrum of the reaction mixture 4 and I4-B/I4-C are presenti na ratio of 1:0.04:0.1. Despite many attempts, only 4 could be isolated andf ully characterized. Single crystalso f4 suitable for Xray structure analysisc an be obtained from ac oncentrated solution in CH 2 Cl 2 layered with MeCN at room temperature. In 4, the {W(CO) 5 }f ragment is coordinated to the central Pa tom of the three-membered chain (Figure 7) . Upon the coordination of 3 to {W(CO) 5 }, the Cp'''m etal fragments are further tilted towards each other (from 18 to 528)a nd the Co-Ni distance (2.6182 (7) )i ss ignificantly shortened compared to 3 (3.3941(5) ), indicating the presence of am etal-metal bond (WBI of 0.43, cf. Figure S24 , Supporting Information). The P 3 ligand is coordinated in h 3 fashion to Co and in h 2 fashion to Ni. The assignment of the Co and Ni positions in the structure of 4 is based on the anisotropic displacement parameters and is also supported by DFT calculations at theB 3LYP/def2-SVP level, showing that this isomer is energetically more favored (by 45.31 kJ mol À1 )c omparedt ot he isomer with exchanged Co and Ni positions.
The P1ÀP2 and P2ÀP3 bonds (2.1214(11) and 2.1234(12) ) are shortened, whereas the P1-P3 distance is lengthened (3.0011(12) )c ompared to 3.T his is also in line with the WBIs (P1ÀP2 (1.09), P2ÀP3 (1.08) and P1ÀP3 (0.12))i ndicating the presenceo fa na llylic P 3 ligand.T he 31 P{ 1 H} NMR spectrum of 4 in C 6 D 6 at room temperature reveals ad oublet at d = 354.3 ppm ( 1 J PP = 408 Hz) and at riplet at d = 114.6 ppm ( 1 J PP = 408 Hz), the latter with tungsten satellites ( 1 J PW = 203 Hz). According to DFT calculations (Figure 8 ), the coordinationo nt he central phosphorusa tom in 3 to a{ W(CO) 5 }f ragment (I4-A)i s energetically disfavored (by 15.01 kJ mol À1 ), but the final rearrangemento fI4-A to 4 is with À34.36 kJ mol À1 exothermic. In contrast, the coordination of the outer phosphorus atoms in 3 to the {W(CO) 5 }f ragment (I4-B/I4-C)i sexothermic with À15.39 and À17.96 kJ mol À1 ,r espectively,s howing that I4-B/I4-C represents the kinetic products, while 4 is the thermodynamic product of the reaction.
The VT NMR spectra of 3 reveal ad ecomposition starting at 50 8C( Figure S11 Crystals suitable for X-ray single-crystal structure analysisc an be obtained by storing ac oncentrated solutiono f5 in hexane at À30 8C.
The structure of 5 in the solid state ( Figure 9 ) reveals at etrahedral moiety consistingo ft wo Ni and two Pa toms. The PÀP bond length (2.0805(8) )l ies in the range of an elongated PÀ Pd ouble bond with aW BI of 1.35. [22, 25] The Ni-Ni distance in 5 is 2.5848(5) ,r epresenting as ingleb ond (WBI of 0.52). Similar P-P and Ni-Ni distances of 2.053(5) and2 .571(1) ,r espectively,h ave been reported for the related complex [(Cp iPr Ni) 2 (m,h 2 :h 2 -P 2 )] (Cp iPr = C 5 HiPr 4 ). [26] The 31 P{ 1 H} NMRs pectrum of 5 contains as harp singlet at d = 282.7 ppm.
Due to the dynamic behavior of 1 and 3 in solution, we assumedt hat the Cp'''Co fragment is labile and could be removedi nt he presence of as uitable reaction partner. Hence, a solution of 1 in hexane was stirred with an excess of P 4 at room temperature. After column chromatographicw orkup, [Cp*Fe(h 5 -P 5 )] (B)c ould be isolated as ab yproduct and separated from the additionally formed [(Cp'''Co) n P m ]c omplexes [(Cp'''Co) 2 (m,h 4 :h 2 :h 1 -P 8 )] (isomer one, 29 %, isomer two, 6%), [Cp'''Co(h 4 -P 4 )] (C,1 4%)a nd [(Cp'''Co) 3 (m 3 ,h 4 :h 2 :h 2 :h 2 :h 1 -P 12 )] (11%)( based on cobalt). All these Co complexes can also be obtainedf rom the reaction of white phosphorus with A at room temperature as previously reported. [16] In an analogous manner, 3 was reacted with P 4 .A ccording to the 31 P{ 1 is thermally unstable and fragmentizes upon warming into [(Cp'''Co) 2 (m,h 2 :h 2 -P 2 ) 2 ]( D)a nd [(Cp'''Ni) 2 (m,h 2 :h 2 -P 2 )] (5). The {Cp'''Co}f ragment in 1 and 3 is still labile bound and can be released to undergo furtherreactions for instancewith P 4 .
